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Abstract

With more than half of the nation’s drinking water affected by wastewater discharge from
upstream and more indirect and direct reuse of treated wastewater, human health and
ecotoxicological impacts resulting from effluent organic material (EfOM) will increase.
Dissolved free amino acids (DFAAs), nitrogen components of EfOM, are essential
nitrogen sources for microorganisms and play important roles in global N-cycling in
natural aquatic environments. Several DFAAs including histidine, methionine, and
tyrosine in sunlit surface waters are susceptible to direct and indirect photochemical
transformation with reactive oxygen species. In this study, we investigated the reaction
kinetics and initial reaction mechanisms involved in the fate of DFAAs through
temperature-dependent bench-top photolysis experiments. Three prevalent surrogate
DOM compounds were chosen (1,4-naphthoquinone, umbelliferone, 2-naphthaldehyde)
which have been shown to be critical photosensitizers in the natural environment leading
to the production of photochemically-produced reactive intermediates (PPRI) such as
singlet oxygen (1O2), excited triplet state CDOM (3CDOM*), and hydroxyl radicals
(HO•). All chosen surrogate DOM compounds and amino acids are structurally unique
generating distinct degradation pathways of amino acids at three different temperatures
(10 °C, 20 °C, 30 °C).

x

1 Introduction
Dissolved amino acids (both free and combined amino acids), which comprise a
significant fraction of dissolved organic nitrogen (DON) in effluent organic matter are
major sources of nitrogen and carbon in freshwater systems. Combined amino acids
account for approximately 10-20% of wastewater DON.1 In the aquatic environment,
DON is a limiting nutrient making it a valuable source for the environmental
microbiome.2 Although the amino acids comprise a few percent of dissolved free amino
acids3, dissolved free amino acids are considered ‘rare’ for the abundance and
‘expensive’ for the higher free energies of formation required3. Consequently,
understanding the fate of free amino acids in the natural aquatic environment is a critical
component of global nitrogen cycling4 as well as global sulfur cycling5.
Abiotic photochemical oxidation is a major transformation pathway of free amino
acids in sunlit waters. Of the 20 proteinogenic free amino acids, only five (i.e.,
tryptophan, tyrosine, histidine, methionine, and cysteine) are susceptible to
photochemical degradation.6 Photochemical oxidation occurs through direct photolysis of
amino acids and indirect oxidation by dissolved photochemically produced reactive
intermediates (PPRI), which are transient, short-lived chemical species produced from
excitation of chromophores and interaction with dissolved oxygen. Direct photolysis
depends on the absorbance of sunlight by the AAs relative to the emission of sunlight
over the same wavelengths.6 Indirect oxidation occurs by PPRI such as excited triplet
state (3CDOM*) of DOM generated by photolysis of chromophoric DOM (CDOM)6,7,8,9 ,
singlet oxygen (1O2)10, hydroxyl radicals (HO•)11, and hydrogen peroxide (H2O2)12,13.
11

Photolysis-induced excitation of a complex mixture of CDOM that has numerous
chromophoric functional groups and short-lived reactive PPRI makes it challenging to
understand the photochemical reaction pathways and kinetics in the heterogeneous
system.
Although the initial transformations of various photo-viable free amino acids have
been investigated under different solution pH conditions, the fate of free amino acids
under sunlight irradiation in natural aquatic environment has not been elucidated yet. For
example, tyrosine and tryptophan found to be susceptible to direct photolysis due to their
spectral absorbance overlap in the UV-vis range.3, 6, 14 Histidine was predominantly
degraded by 1O2, while the predominant pathway of methionine, tyrosine, and tryptophan
was via 3CDOM* interaction.3, 6, 14-16 Cysteine’s pH dependence degradation was found to
attribute lower quenching rates of 3CDOM* by molecular oxygen17. Faster reaction rates
of both histidine and histamine at higher pH15 were observed. Tryptophan’s degradation
via direct photolysis and indirect photodegradation via its interaction with primarily
3

CDOM* was confirmed3. These previous studies have been limited to well-studied

sensitizers such as reference DOM isolates, lumichrome, perinaphthenone, and
riboflavin. Thus, knowledge gaps remain in the role of chromophoric functional groups
of CDOM and mechanistic understandings of elementary reaction photochemical
pathways under different solution temperatures.
The solution temperature is one of the most important factors affecting the fate of
free amino acid photochemical degradation (Figure 1). Initially, the chromophoric DOM
is known to absorb photons and excite electrons to form a single excited state of CDOM
12

(i.e., 1CDOM*). This 1CDOM* undergoes intersystem crossing (ISC) to form a tripled
excited state (i.e., 3CDOM*). The 3CDOM* is known to undergo two major pathways:
(1) relaxation to a ground state CDOM and (2) reaction with ground state dissolved
oxygen in water. The first order rate constants of 3CDOM* relaxation ranges from 6×104
to 1.2×105 s-1 18 and the solution temperature affects the dominant non-radiative
relaxation resulting from intramolecular mechanism.19, 20 The reaction of 3CDOM* with
3

O2 to produce a singlet oxygen (i.e., 1O2) is temperature-dependent (1-6 × 109 M-1s-1 for

small molecular sensitizers) via single electron transfer that is driven by the energy

difference between 3CDOM* (i.e., 50-60 kcal/mol)3, 6, 21-23 and 3O2 (i.e., 23 kcal/mol)16, 24.
The amount of dissolved oxygen also affects this second-order reaction. While the 1O2
reacts with dissolved organic compounds, 1O2 dominantly undergoes non-radiative
relaxation whose temperature-dependent first order reaction rate constants are known to
be 2.6-2.8 × 105 s-1 18, 25. Given that the major known initial photochemical pathways

described above are affected by the solution temperature, free amino acids’ degradation is
hypothesized to be significantly affected by the solution temperature. For example, if the
Arrhenius activation parameters were assumed to have an activation energy of 50 kJ/mol
and follow the pseudo-first order decay, an increase in the solution temperature by 5 °C
(from 20 °C to 25 °C) would affect the rate constant difference by a factor of 140%.
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Figure 1: Direct and Indirect Photochemical Reactions of Free Amino Acids
In this study, we investigate the initial reactivities of three photo-viable amino acids (i.e.,
histidine, tyrosine, and methionine) in the presence of three surrogate CDOM (i.e., 1,4naphthoquinone, 2-naphthaldehyde, and umbelliferone) under a laboratory-scale visible
light irradiation at pH 7 with 3 different solution temperatures. At the given pH, all the
amino acids are zwitterion (i.e., NH3+ and COO-). Three amino acids have their unique
functional groups: histidine with a five-membered ring imidazole functional group;
methionine with an aliphatic compound that has sulfur functional group; and tyrosine
with a benzene ring. Three surrogate CDOM share common DOM structures to a
complex mixture of DOM: 1,4-naphthoquinone with carbonyl functional group and
quinone structure; 2-naphthaldehyde with aldehyde functional group and naphthalene;
and umbelliferone with carbonyl in the six-membered ring. We use both density
functional theory quantum mechanical calculations and bench-scale laboratory
experiments to provide mechanistic insight into the initial reaction mechanisms. Given
14

the diverse structures of each surrogate DOM, it is anticipated that each will propagate
varying degrees of photochemically produced reactive intermediates (PPRI), thus leading
to unique degradation pathways of each amino acid.

15

2 Experimental Methods and Results
2.1 Chemicals
L-Histidine (≥99.5%), L-Tyrosine (≥99.0%), L-Methionine (≥99.5%), 1,4naphthoquinone (97%), 2-naphthaldehyde (98%), umbelliferone (99%), borax anhydrous
(≥99.0%), sodium phosphate dibasic (≥99.0%), sodium phosphate monobasic (>99.0%),
sodium azide (>99.8%), sodium hydroxide (≥ 98%), hydrochloric acid (37%), phosphoric
acid (≥85%), acetonitrile (UHPLC grade, ≥99.92), methanol (UHPLC grade, ≥99.92%),
2,4,6-trimethylphenol (97%), 4-chlorobenzoic acid (99%), furfuryl alcohol (98%), 4nitroanisole (97%), pyridine anhydrous (99.8%) were obtained from Sigma Aldrich. Ophthaldehyde and 3-mercaptopropionic acid in 0.4 M borate buffer and 0.4 N borate
buffer (pH 10.2) from Agilent Technologies, Inc.
2.1.1 Free Amino Acids
Of the twenty-one total amino acids, five are susceptible to direct and/or indirect
photodegradation – tryptophan, histidine, cysteine, methionine, and tyrosine. In recent
publications, tryptophan and cysteine have been of particular interest. The other
susceptible amino acids were selected for this study due to their unknown degradation
pathways as well as their unique structural characteristics. The selected free amino acids
for this study are displayed in Figure 2. This subset of amino acids are structurally
diverse and react in different mechanisms under photolysis conditions.

16

Histidine

Methionine

Tyrosine

Figure 2. Selected Amino Acids
Tyrosine undergoes both direct photolysis and indirect photolysis via PPRI during
photochemical reactions; additionally, tyrosine has an aromatic ring structure with a
hydroxyl functional group. Conversely, histidine and methionine only undergo indirect
photolysis via reactions with PPRI. Looking specifically, these two amino acids have
rather interesting structures. Histidine has a nitrogen heavy structure with an imidazole
functional group, whereas methionine has a sulfhydryl functional group. Each of these
amino acids will undergo their own unique phototransformation with the diverse
structures present.
2.1.2 Surrogate Dissolved Organic Matter
Most studies investigating the fate of organic compounds resulting from photochemical
transformation use dissolved organic matter isolates obtained from the International
Humic Substances Society (IHSS) such as Suwannee River, Pony Lake, or Nordic
Reservoir. These DOM isolates are a complex mixture of hundreds of organic
compounds such as aldehydes, ketones, coumarins, and quinones with varying
compositions. Rather than relying purely on DOM isolates, this study chose several
specific compounds which are known to be prevalent in DOM and are efficient
photosensitizers for PPRI. Figure 3 displays the selected surrogate DOM for this study.
17

1,4-naphthoquinone

umbelliferone

2-naphthaldehyde

Figure 3. Selected Surrogate Dissolved Organic Matter
To probe the kinetics and feasibility of oxidation/reduction of FAAs by 3CDOM*
photosensitizers, one must examine the energy level and reduction potential of the
surrogate DOM’s triplet states. The triplet energies of 1,4-naphthoquinone,
umbelliferone, and 2-naphthaldehyde are 241 kJ mol-1, 255 kJ mol-1, and 249 kJ mol-1,
respectively26. These triplet energies overlap with the average value of 250 kJ mol-1 of
many surrogate DOM and standard DOM isolates. In their triplet states, 1,4naphthoquinone, umbelliferone, and 2-naphthaldehyde, their one electron reduction
potential are 2.38 V, 1.42 V, and 1.48 V26. These one electron reduction potentials are
similar to the range of many surrogate 3CDOM* 1.

2.2 Photolysis Experiment Design
2.2.1 Experimental Apparatus
All photolysis experiments were carried out using an ATLAS SunTest XLS+ (II)
equipped with a 1700 Xe arc lamp which emits photons in the wavelength range of 290 –
800 nm as displayed in Figure 4 below.
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Figure 4. SunTest and Solar Spectrum
The red line portrays the manufacturer reported irradiance spectrum between 300 to 800
nm at a total irradiance of 500 W/m2. As a validation of our SunTest XLS+ (II), we used
our lab’s spectroradiometer (StellarNet, Inc. Black Comet) to measure the irradiance
values over 300 to 800 nm which is plotted in blue. Finally, it is critical to compare the
solar irradiance spectrum to the simulated light of the SunTest. The grey line represents
the solar spectrum taken from our rooftop experimental platform at 47.12°N, 88.55° W
on July 22nd, 2019 at 2 PM. From this figure, it is evident that the SunTest XLS+ (II)
mimics actual sunlight extremely well from 300 to 800 nm, particularly, from 300 to 400
nm. Additionally, the light intensity of the SunTest and solar light was characterized
through PNA-pyridine actinometry.
2.2.2 Temperature Controlled System
Upon preliminary investigation using the SunTest XLS+ (II) and custom quartz
photoreactors, it was apparent that the experimental solution temperature was quickly
19

increasing over the duration of the photolysis experiment, nearly 6 °C over the initial 15
minutes (0.4 °C/min). This discovery clearly needed to be addressed by fabricating a
water bath which would sit inside of the SunTest’s chamber. To address this unique issue,
a water bath was constructed to house the quartz photoreactors during photolysis
experiments as displayed in Figure 5.

1700W Xe Arc Lamp

Pump

Pump

Cooling
Water
Bath

Figure 5. Schematic of Custom Water Bath
The red arrows in Figure 4 display the flow direction of water through the water bath
system. Two peristaltic pumps are used to circulate the cooling water from a Cole Parmer
Polystat Cooling/Heating Circulating Baths. Each peristaltic pump has three channels
which creates a completely mixed flow reactor within the SunTest Chamber.
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A custom built water basin was constructed from ¼” acrylic glass lined with an adhesive,
stainless steel contact paper as shown in the left panel of Figure 6. The right panel of
Figure 6 displays a more deconstructed view of the water basin layout. Three inlet elbows
introduce cooling water on the right side of the basin, while, simultaneously, three outlet
elbows on the left side of the basin withdraw water to minimize the length of time the
cooling water is exposed to the 1700W Xe arc lamp. Custom quartz photoreactors
containing the experimental solutions are placed in the water basin. Each photoreactor is
placed on four O-rings which are fixed to the bottom of the water basin. This allows for
the maximum available surface area for heat transfer from the cooling water to the
photoreactors.

1700W Xe Arc Lamp

Cooling Water Out

Cooling Water In

Figure 6. Temperature Controlled Water Basin Design
The peristaltic pumps were operated in a steady-state fashion so that the cooling water
depth in the water basin was constant - slightly lower than the height of the quartz
photoreactors. Additionally, positioned below the water basin is a six-position magnetic
multi-stirrer plate to ensure that all photoreactors are completely mixed.

21

2.2.3 Experimental Preparation and Procedures
2.2.3.1 Experimental Solutions
2.2.3.1.1 Surrogate DOM and DOM Isolate Experimental Solutions
Experimental solutions used in the photolysis experiments were prepared in bulk. All
solutions contained a 1 mM phosphate buffer at a neutral pH of 7. The solutions
contained 5 mg C/L of 2-naphthaldehyde, 1,4-naphthoquinone, or umbelliferone. These
solutions were allowed to stir continuously for 48 hours to achieve full dissolution of the
surrogate DOM prior to use. Additionally, a 5 mg C/L solution was prepared containing
Suwannee River humic acid (Standard II) purchased from the International Humic
Substances Society (IHSS). All solutions were stored in a temperature controlled room at
4°C in the dark while continuously being stirred for a maximum of 3 weeks.
2.2.3.1.2 Free Amino Acid Stock Solutions
The free amino acid stock solutions containing histidine, tyrosine, or methionine were
prepared in 500 mL volumetric flasks at a concentration of 1 mM. These stock solutions
were then stored in a temperature controlled room at 4°C in the dark while continuously
being stirred for a maximum of 3 weeks.
2.2.3.1.3 Probe Compound Stock Solutions
Furfuryl alcohol, singlet oxygen probe compound, was prepared at a concentration of 1
mM and stored at 4°C. 2,4,6-trimethylphenol, excited triplet state CDOM probe
22

compound, was prepared at a concentration of 1 mM and continuously stirred at room
temperature. Parachlorobenzoic acid, hydroxyl radical probe compound, was prepared at
a concentration of 1 mM and continuously stirred at room temperature.
2.2.3.1.4 Experimental Solution Preparation
One day prior to a scheduled experiment, the experimental working solutions were
prepared. A 100 mL volumetric flask was filled with the surrogate DOM stock solution
followed by the addition of a single target free amino acid (histidine, tyrosine,
methionine) or the addition of a single probe compound (furfuryl alcohol, 2,4,6trimethylphenol, parachlorobenzoic acid). The initial concentration of all free amino
acids in solution was 30 µM. The initial concentration of furfuryl alcohol, 2,4,6trimethlyphenol, and parachlorobenzoic acid was 40 µM, 30 µM, and 10 µM,
respectively.
Once the surrogate DOM or DOM isolate solution contained a target free amino acid or
probe compound, all solutions were filtered through 0.2 µm nylon membrane filters.
Upon filtration, the solutions were transferred to brown borosilicate bottles and stored in
a Cole Parmer StableTemp water bath at the specified temperature (10 °C, 20 °C, or 30
°C) for the following day’s experiments. This water bath was stored in the temperature
controlled room in the dark.

23

2.2.4 Photolysis Experimental Procedures
On the day of the experiments, approximately 50 mL of the experimental solution was
transferred into a custom quartz photoreactors shown in Figure 7. Each photoreactor has a
diameter of 6.5 cm and a depth of 2.5 cm with a wall thickness of 2 mm.

Figure 7. Custom quartz photoreactor
Once transferred, the quartz photoreactors were placed back into the water bath to allow
the temperature to re-equilibrate to the specified experimental temperature. After
equilibration, the photoreactors were moved into the temperature controlled water bath
situated inside of the SunTest XLS + (II) as previously shown in Figure 6 and Figure 6.
The SunTest XLS+ (II) irradiance intensity was set to 500 W/m2 in the range of 300 –
800 nm. A daylight glass filter manufactured by Atlas was employed to block any
irradiance below 290 nm. All photolysis experiments with surrogate DOM were
conducted for two hours. With SRHA experimental solutions, the photolysis time was
increased to eight hours to achieve sufficient degradation of the target compounds.
During the photolysis exposure, 500 µL aliquots were removed at predetermined time
intervals, transferred to autosampler vials, then capped and stored in the dark at 4°C. All
samples were analyzed on a ThermoFisher Dionex UltiMate 3000 Ultra High
24

Performance Liquid Chromatography (UHPLC) system. Samples were stored for a
maximum of 48 hours before analysis was completed.
2.2.5 UHPLC Methods & Measurements
2.2.5.1 Free Amino Acids
The free amino acids (histidine, tyrosine, methionine) were measured using an online
derivatization method utilizing o-phthaldiadehyde/3-mercaptopropionic acid (OPA/3MPA). This method utilizes three derivatization reagents: OPA/3-MPA reagent, borate
buffer (pH 10.2), and an injection diluent (100 mL of Mobile Phase A + 0.4 mL
phosphoric acid). The online derivatization steps are detailed in Table 1. The mobile
phase is comprised of A) 10 mM sodium phosphate dibasic (Na2HPO4):10 mM sodium
borate (Na2B4O7):5 mM sodium azide (NaN3) and B) 45% Acetonitrile:45%
Methanol:10% water. The mobile phase composition achieves separation of each amino
acid utilizing a gradient method as shown in Table 2. The flow rate of the mobile phase is
1.5 mL/min. An Agilent AdvanceBio AAA column (4.6 mm x 100 mm, 2.7 µm) was
used for analysis at a column temperature of 40.0 °C. To detect the amino acids, a
fluorescence detector with an excitation wavelength of 340 nm and emission wavelength
of 450 nm is utilized.
Table 1. UHPLC Online Derivatization Steps
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Steps
1
2
3
4
5
6
7
8
9
10
11
12

UHPLC Commands
Draw 50 µL from borate vial
Wait 1 second
Draw 2.5 µL from OPA/3-MPA vial
Wait 1 second
Draw 2.5 µL from borate vial
Draw 1.0 µL from sample vial
Draw 6.0 µL from air, mix 5 times at default speed
Wait 60 seconds
Draw 14 µL from injection diluent vial
Wait 1 second
Draw 15.0 µL from air, mix 5 times at default speed
Inject 2 µL

Table 2. Mobile Phase Composition Gradient
Elapsed Time (minutes)

Mobile Phase B

0

2%

0.35

2%

13.4

57 %

13.5

100 %

15.7

100 %

15.8

2%

18

2%

A sample chromatogram of a multicomponent standard containing 30 µM histidine,
tyrosine, and methionine is displayed in Figure 8. Histidine, tyrosine, and methionine
elute at 4.16 minutes, 6.47 minutes, and 8.08 minutes, respectively. Table 3 summarizes
the free amino acid UHPLC measurement method described above.
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HIS_NPQ_TMP_FFA_pCBA_EXPERIMENT_07172019 #9
counts

FAA_Std30_3

50,000,000

Histidine

40,000,000

Emission_1

Methionine

100.0

10

empty: 0.0 %

31

Tyrosine

empty: 0.0 %
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60,000,000

30,000,000
57.0

75
76

87
88

85

86

74
77
78
79
80
81
82
83
84

73

67
68
69
70
71: Lys
72

51
52
53

48
49
50

44
45: Cys

46
47: Val

42

43

41

32
33
34
35
36
37
38
39: uk
40: Tyr

28: Ala
29

30

27

26

24
25

22: Thr

20
21: Gly

17
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19
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16
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13
14: Ser

7

8
9
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2
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54
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59
60: ILE
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62
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Figure 8. Sample Free Amino Acid Chromatogram
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Table 3. Summary of Free Amino Acid UHPLC Measurement

Compound
Histidine
Tyrosine
Methionine

Analytical Column
Agilent AdvanceBio
AAA (4.6 mm x 100
mm, 2.7 µm)

Flowrate
(mL/min)

Mobile Phase Composition

Excitation
Emission
Wavelength Wavelength
(nm)
(nm)

Injection
Volume (µL)

10 mM Na2HPO4: 10 mM Na2B4O7
1.5 mL/min

: 5 mM NaN3 (pH 8.2)
45% MeOH:45% ACN:10% H2O

Retention Time
(min)

Limit of
Column
Temperature Quantification
(°C)
(µM)

4.16
340

450

2

6.47
8.08

40

0.3

2.2.5.2 Furfuryl Alcohol
Furfuryl alcohol is measured using an isocratic mobile phase composition of 60% water:
40% methanol at a flow rate of 1.0 mL/min. An Agilent AdvanceBio AAA column (4.6
mm x 100 mm, 2.7 µm) was used for analysis at a column temperature of 40.0 °C. The
sample injection volume was 100 µL detected using a UV-detection wavelength of 220
nm. The retention time of furfuryl alcohol was 1.47 minutes.
2.2.5.3 2,4,6-trimethylphenol
2,4,6-trimethylphenol is measured using an isocratic mobile phase composition of 45%
water: 55% methanol at a flow rate of 1.0 mL/min. An Agilent AdvanceBio AAA column
(4.6 mm x 100 mm, 2.7 µm) was used for analysis at a column temperature of 40.0 °C.
The sample injection volume was 50 µL detected using a UV-detection wavelength of
220 nm. The retention time of 2,4,6-trimethylphenol was 4.47 minutes.
2.2.5.4 Parachlorobenzoic acid
Parachlorobenzoic acid is measured using an isocratic mobile phase composition of 50%
water (0.1% phosphoric acid): 50% methanol at a flow rate of 1.0 mL/min. An Agilent
AdvanceBio AAA column (4.6 mm x 100 mm, 2.7 µm) was used for analysis at a column
temperature of 40.0 °C. The sample injection volume was 50 µL detected using a UVdetection wavelength of 234 nm. The retention time of parachlorobenzoic acid was 4.44
minutes.
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2.2.5.5 P-nitroanisole
P-nitroanisole is measured using an isocratic mobile phase composition of 25% water:
75% methanol at a flow rate of 1.0 mL/min. An Agilent AdvanceBio AAA column (4.6
mm x 100 mm, 2.7 µm) was used for analysis at a column temperature of 40.0 °C. The
sample injection volume was 50 µL detected using a UV-detection wavelength of 315nm.
The retention time of p-nitroanisole was 1.45 minutes. Table 4 below summarizes the
measurement of the aforementioned probe compounds.
Table 4. Summary of Probe Compound UHPLC Measurement Methods

Compound

Analytical Column

Flowrate
(mL/min)

furfuryl alcohol
2,4,6-trimethylphenol
parachlorobenzoic acid
p-nitroanisole

Agilent AdvanceBio
AAA (4.6 mm x 100
mm, 2.7 µm)

1.0 mL/min

Mobile Phase Composition
60% MQ Water
40% Methanol
45% MQ Water
55% Methanol
50% MQ Water (0.1% H3PO4)
50% Methanol
25% MQ Water
75% Methanol

Limit of
Quantification
(µM)

Detection
Wavelength
(nm)

Injection
Volume (µL)

Retention
Time (min)

220

100

1.47

220

50

4.47

234

50

4.44

0.19

315

50

1.45

0.095

Column
Temperature (°C)

0.4
40

0.08

2.2.6 Estimation of Steady-State Photochemcially Produced Reactive
Intermediates (PPRI) using Probe Compounds
In photochemistry, chromophoric dissolved organic matter sensitizes the production of
phototechmically produced reactive intermediates (PPRI) such as singlet oxygen (1O2),
hydroxyl radical (HO•), and excited triplet state CDOM (3CDOM*). These PPRI are
present at rather low concentrations (<10-10 M), so researchers have relied on probe
compounds to indirectly estimate the concentrations of these PPRI. For a compound to be
used as a probe compound, several criteria must be met. First, probe compounds should
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be absolutely selective for the PPRI they are being used to indirectly detect. Second, the
probe compound must be stable under photolysis conditions (i.e. not undergo direct
phototransformation). Lastly, the probe compound must be miscible in water1. Over the
next few sections, the derivations for each employed probe compound in this study will
be explicated.
2.2.6.1 Steady-State Singlet Oxygen Concentration Estimation using Furfuryl
Alcohol
Furfuryl alcohol has been used exclusively to probe the presence of singlet oxygen in
numerous photochemical research studies. Schematic 1 below displays the reaction
mechanism of furfuryl alcohol with singlet oxygen to produce the three major products.
This probe compound relies on the disappearance of furfuryl alcohol.

Schematic 1. Furfuryl Alcohol Reaction Mechanism with Singlet Oxygen27
Considering this reaction, the reaction rate law would be defined as
r1FFA
=
O
2

d [ FFA]
= −k 1FFA
[ FFA][ 1O2 ]
O2
dt
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(2.1)

Assuming the concentration of 1O2 to be constant allows one to invoke the pseudo-steady
state principle. This principle states that the reactive intermediate is short lived and reacts
as fast as it is formed, therefore the net rate of formation singlet oxygen is effectively
zero.
d [ FFA]
=
−k 1FFA
−k 'FFA [ FFA] where k 'FFA =
k 1FFA
[ FFA][ 1O2 ]SS =
[ 1O2 ]SS (2.2)
O2
O2
dt

Integrating this rate law with respect to time yields,
 [ FFA] 
ln 
−k 'FFA × t
=
[
FFA
]
0



(2.3)

Plotting the natural-log adjusted concentration of furfuryl alcohol against time yields k’,
the pseudo-first order observed reaction rate constant. Using this observed rate constant
= 1 x 108 M-1s-1) allows the steady-state
paired with the bimolecular rate constant ( k FFA
O
1

2

concentration of singlet oxygen to be estimated.
[1 O2 ]SS =

k 'FFA
k1FFA
O
2

2.2.6.2 Steady-State Excited Triplet State CDOM (3CDOM*) Concentration
Estimation using 2,4,6-trimethylphenol
2,4,6-trimethylphenol (TMP) is an electron rich phenol which reacts selectively with
3

CDOM* as shown in Schematic 2 below.
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(2.4)

Schematic 2. Reaction Mechanism between 2,4,6-trimethylphenol and 3CDOM*27
Considering this reaction, the reaction rate law would be defined as
=
r3TMP
CDOOM *

d [TMP ]
= − k TMP
[TMP ][ 3CDOM * ]
3
CDOM *
dt

(2.5)

Assuming the concentration of 3CDOM* to be constant allows one to invoke the pseudosteady state principle. This principle states that the reactive intermediate is short lived and
reacts as fast as it is formed, therefore the net rate of formation of 3CDOM* is effectively
zero.
d [TMP ]
dt

(2.6)
=
−k
− k 'TMP [TMP ] where k 'TMP =
k
[TMP ][ CDOM ]SS =
[ CDOM ]SS
3

TMP
3

CDOM

*

3

TMP

*

3

CDOM

*

*

Integrating this rate law with respect to time yields,
 [TMP ] 
ln 
−k 'TMP × t
=
[
TMP
]
0 


(2.7)

Plotting the natural-log adjusted concentration of 2,4,6-trimethylphenol against time
yields k’, the pseudo-first order observed reaction rate constant. Using this observed rate
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constant paired with the bimolecular rate constant ( k 3TMP
= 2 x 109 M-1s-1) allows the
CDOM *
steady-state concentration of excited triplet state CDOM to be estimated.

[3 CDOM * ]SS =

k 'TMP

(2.8)

k 3TMP
CDOM *

2.2.6.3 Steady-state Hydroxyl Radical (HO•) Concentration Estimating using
para-chlorobenzoic acid
Para-chlorobenzoic acid has been used as a probe compound for hydroxyl radical as it
reacts selectively as shown in the simplified reaction mechanism in Schematic 3.

HO•

Schematic 3. Parachlorobenzoic Acid Reaction Mechanism with Hydroxyl Radical
Considering this reaction, the reaction rate law would be defined as
pCBA
=
rHO
•

d [ pCBA]
•
pCBA
= −k HO
• [ pCBA][ HO ]
dt

(2.9)

Assuming the concentration of HO• to be constant allows one to invoke the pseudosteady state principle. This principle states that the reactive intermediate is short lived and
reacts as fast as it is formed, therefore the net rate of formation of HO• is effectively zero.
d [ pCBA]
dt

(2.10)
k • [ HO ]SS
=
− k • [ pCBA][ HO ]SS =
− k ' pCBA [ pCBA] where k ' pCBA =
pCBA

pCBA

•

HO

HO
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•

Integrating this rate law with respect to time yields,
 [ pCBA] 
ln 
−k ' pCBA × t
=
 [ pCBA]0 

(2.11)

Plotting the natural-log adjusted concentration of parachlorobenzoic acid against time
yields k’, the pseudo-first order observed reaction rate constant. Using this observed rate
pCBA
constant paired with the bimolecular rate constant ( k HO
= 2 x 109 M-1s-1) allows the
•

steady-state concentration of hydroxyl radical to be estimated.
[ HO • ]SS =

k ' pCBA
pCBA
k HO
•

(2.12)

2.2.7 Apparent Quantum Yield Derivation
The quantum yield, Φ, is the ratio of decay of a compound, 𝑘𝑘𝐶𝐶′ , to the photolysis rate,
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 :

Φ=

kC'
kabs

Furthermore, under the same incident light intensity, the following ratio is maintained:
'
kref

Φ ref
Φ unk

=

kabs , ref
'
kunk

kabs ,unk
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Where Φref is the reference quantum yield of p-nitroanisole, Φunk is the unknown quantum
′
yield, 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟
is the observed degradation rate of p-nitroanisole from PNA-pyr actinometry,

′
𝑘𝑘𝑢𝑢𝑢𝑢𝑢𝑢
is the observed degradation rate of the surrogate DOM or the observed degradation

rate of furfuryl alcohol for 1O2 quantum yields, kabs,ref is the light absorbance rate

constant of p-nitroanisole, and kabs,unk is the light absorbance rate constant of the surrogate
DOM.
The light absorbance rate constant (kabs) is a function of the light intensity (Iλ) and the
solution molar extinction coefficient (αλ):

kabs = ∑ I λα λ
λ

Rearranging, the unknown quantum yield may be solved for:

=
Φ unk

'
kabs , ref
kunk
Φ ref
'
kabs , unk kref

2.2.8 P-nitroanisole –pyridine Actinometry
The p-nitroanisole/pyridine actinometer is a well-characterized visible light actinometer.
The actinometer is based on the photodegradation of p-nitroanisole via a reaction
between p-nitroanisole and pyridine. The p-nitroanisole reacts with pyridine via pyridine
substitution producing p-pyridinium anisole with light ≥ 300 nm as shown in Schematic
4. The pyridine should be in excess, so a pseudo-first order reaction rate can be assumed.
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Schematic 4. P-nitroanisole - pyridine Actinometer Reaction28
An experimental solution containing a concentration of 10 µM p-nitroanisole and 10 mM
pyridine was prepared the morning of the experiment. Experimental solutions were
allowed to equilibrate to 20°C. Approximately 50 mL of the experimental solution was
transferred to each quartz photoreactor. The SunTest irradiation was set to 500 W/m2 for
this experiment with an acceptable tolerance of +/- 5 W/m2. The water temperature
remained a constant temperature of 20 °C (± 0.3 °C). Photolysis time for this experiment
lasted one hour. At each specified time interval, 500 µL aliquots were removed at
predetermined time intervals, transferred to autosampler vials, and immediately analyzed
on the UHPLC as mentioned in Section 2.2.5.5.
2.2.8.1 PNA-pyr Actinometry Calculations
From the Beer-Lambert Law (eq 2.13), we know that the amount of light absorbed by
water is proportional to the concentration of the light absorbing molecules and the path
length the light takes in passing through the water.
 I 
A ( λ ) =log   =−ε λ ⋅ C ⋅ l
 I0 
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(2.13)

(

I = I 0,λ 10−ε λ ⋅C ⋅l

(

=
I A I 0,λ 1 − 10−ε λ ⋅C ⋅l

)

(2.14)

)

(2.15)

Where A(λ) is the absorbance (dimensionless), I is the intensity of light passing through
the sample at each wavelength, I0 is the overall intensity hitting the top of the solution, ελ
is the molar extinction coefficient at each wavelength (M-1cm-1) , C is the concentration
of the light absorbing molecules (M), and l is the light path length (cm).
Combining this knowledge with our known knowledge of quantum yield or the fraction
of absorbed photons that result in a photolysis reaction, one may begin to relate the
equations to determine the overall photon fluence rate.

( )
mol

photolysis reaction rate
− rr
L−s
Quantum yield ( Φ λ ,
)=
=
=
einstein
photon absorption rate
einstein
IA
mol

(

3

1000 cm − s

)

(2.16)

Substituting eq 1.3 into eq 1.4, we obtain

=
Φλ

k '[C0 ]
−rr
=
nm
300
I 0, λ 1 − 10−ε λ ⋅C ⋅l ⋅ 1000 1000 ⋅
∑ I 0,λ 1 − 10−ελ ⋅C0 ⋅l ∆λ

(

)

800 nm

(

)

(2.17)

Now, let’s normalize the photon fluence rate at each wavelength using eq 1.6:
E p0λ
E p0λ
=
ρλ 300
=
nm
E0
∑ E p0λ ∆λ ρ ,tot
800 nm
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(2.18)

Substituting the normalized photon fluence rate into the denominator of eq.1.5 yields:

k '[C0 ]
Φλ =
300 nm
1
1000 ⋅ ∑ ρλ 1 − 10−ε λ ⋅C0 ⋅l ∆λ
l 800 nm

(

)

(2.19)

Now, rearranging eq. 1.6 to solve for the total photon fluence rate:

Eρ0 ,tot =

k '[ PNA0 ] l
1000 ⋅ Φ ⋅

300 nm

∑ ρλ (1 − 10 ε
−

800 nm

λ

⋅[ PNA0 ]⋅l

) ∆λ

(2.20)

Where k’ is the pseudo-first order reaction rate constant (1/s), [PNA0] is the initial
concentration of p-nitroanisole (typically 10 µM), and ФPNA is the quantum yield of pnitroanisole estimated from Laszakovitz et al. (2017)’s experimentally determined
correlation of ФPNA = 0.29[pyr] +0.0002929.
2.2.9 Surrogate DOM Photolysis Transformation Calculations

where,
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I0 = photon intensity at surface of reactor (einstein/cm2-s)
I = photon intensity after passing through solution containing water constituents at
wavelength λ (einstein/cm2-s)
ʅ = depth of photoreactor
C = concentration (mole/L)
ε’(λ) = base-e extinction coefficient (L/mol/cm)
where Ia = volumetric photon absorption rate (einstein/cm3-s)
Definition of Quantum Yield

φ (λ ) =

−r
Ia

where
Ф(λ) = quantum yield at wavelength λ (mole/einstein)
r = reaction rate (mole/cm3-s)
Ia = volumetric photon absorption rate (einstein/cm3-s)

r = −Φ (λ )I a
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= −Φ (λ ) ⋅ I 0 ⋅ ε '(λ ) ⋅ C ⋅ e −ε '( λ )Cl

=
ravg

ravg = −

1 l
r ⋅ dx
l ∫0

1 l
−Φ (λ ) ⋅ I 0 ⋅ C ⋅ e −ε '( λ )Cl dx
∫
0
l

ι
 −ε '( λ )Cl
Φ (λ ) ⋅ I 0 ⋅ ε '(λ ) ⋅ C 
1
− 1
−
ravg =
−
 e
0
l
 ε '(λ ) ⋅ C 

Φ (λ ) ⋅ I 0  −ε '( λ )Cl 
− 1
e
l
−Φ (λ ) ⋅ I 0 
− ε ' λ Cl
=
ravg
1 − e ( ) 

l
I0
 einstein 
= photonic intensity 
PU −=
V

3
l
 cm ⋅ s 

=
ravg

ravg = −Φ (λ ) ⋅ PU −V 1 − e −ε '( λ ) Cl 

where,
I0 = photon intensity at surface of reactor (einstein/cm2-s)
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(1.1)

I = photon intensity after passing through solution containing water constituents at
wavelength λ (einstein/cm2-s)
ʅ = depth of photoreactor
C = concentration (mole/L)
ε’(λ) = base-e extinction coefficient (L/mol/cm)
l

I = ∫ I 0e −ε '( λ ) x dx
0

l
1
e −ε '( λ ) x 
0
ε '(λ )
I
=
− 0 e −ε '( λ )l − 1
ε '(λ )
I
I
=
− 0 e −ε '( λ )l + 0
ε '(λ )
ε '(λ )

= −I0

 1
e −ε '( λ )l 
=
−
I I0 

 ε '(λ ) ε '(λ ) 

I0 =

I
1
e −ε '( λ )l
−
ε '(λ ) ε '(λ )

(1.2)

Plugging eqn. 1.2 into eqn. 1.1 yields, the zeroth-order rate for the surrogate DOM
transformation.

I
Φ (λ )
1 − e −ε '( λ )Cl }
r=
−

− ε '( λ ) l {
1
e
l
−
ε '(λ ) ε '(λ )
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(1.3)

Looking at equation 1.3, all information is known about our surrogate DOM and
photolysis with the exception of the quantum yield. The molar absorptivity coefficient,
ε’(λ), was measured using a spectrophotometer, the depth of solution is 2 cm, and I is the
measured photon flux in Einstein/L-s.
The quantum yield of the surrogate DOM, Φ(λ), may be estimated using the apparent
quantum yield as described by Remucal and McNeill (2011)14.

=
Φ unk

DOM
std
kobs
kabs
Φ std
std
DOM
kobs
kabs

(1.4)

DOM
std
Where kobs
is the observed degradation rate of the surrogate DOM, kobs
is the observed
std
degradation rate of the PNA-pyr actinometer, kabs
is the light absorbance rate constant for
DOM
PNA-pyr actinometry, and kabs
is the light absorbance rate constant for surrogate DOM.

kabs =

800 nm

∑

280 nm

I λ ε '(λ )

Where, Iλ is the measured light intensity from a spectroradiometer (einsteins/L-s) and
ε’(λ) is the base-e molar absorptivity coefficient, both in the range of 280 nm to 800
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(1.5)

3 Results and Discussion
3.1 Overall results
The direct photolysis of free amino acids was confirmed to be negligible due to the little
absorbance of photons by our free amino acids in 290-800 nm wavelength (Figure 9),
which is consistent with findings in the literature.6, 14-16 Thus, all the decays of free amino
acids are due to the reactions with PPRIs sensitized by DOM which had varying degrees
of absorbance in the 290-800 nm wavelength range (Figure 10).
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Figure 9: Free Amino Acid Molar Absorptivity in UV-Vis Range
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Figure 10: Surrogate DOM Molar Absorptivity in UV-Vis Range
Figure 12 represents the pseudo-first order decay of three amino acids at three
solution temperatures in the presence of three surrogate DOM and natural organic matter
isolate SRNOM. While we obtained the linear relationships between ln(C/C0) and the
reaction time, those obtained in the presence of 1,4-naphthoquinone did not apparently
follow this relationship. To clarify the nature of the pseudo-first order kinetics law, we
examined the time-dependent profile of chromophores of our surrogate DOM (the
detailed analysis is given in Section 2.2.8 and Figure 10). Though 1,4-naphthoquinone
and 2-naphthaldehyde are both present in many DOM isolates, their structure is quite
different. 1,4-naphthoquinone is a naphthalene ring with two substituted carbonyl
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moieties (i.e. quinone). These carbonyl groups absorb most strongly near the UV-vis
range around 275 nm. The combining effect of C=O and C=C leads to the most
widespread absorbance of all surrogate DOM in this study from 300 to 600 nm and
explains its ability to sensitize a wide range of PPRI. On the other hand, 2naphthaldehyde is a naphthalene ring substituted with a formyl group at position 2. The
C=C bonds and C=O lead to strong absorption below 400 nm.
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Figure 11: Surrogate DOM Experimental and Calculated Phototransformation
While the chromophoric component of 2-naphthaldehyde was available over the
reaction time, that of 1,4-naphthoquinone disappeared quickly within the initial 20
minutes of the photolysis reaction time (Figure 11). While molar absorptivity of our three
surrogate DOM over 290-800 nm are comparable (Figure 10), high quantum yield of 1,4naphthoquinone results in the initial phototransformation and complete disappearance of
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the chromophores. The 1,4-naphthoquinone triplet has a high tendency to undergo
hydration in the presence of water leading to its fast degradation21. The calculated decay
rate of both 1,4-naphthoquinone and 2-naphthaldehyde is consistent with those of
chromatographic decay verifying the initial fate of 1,4-naphthoquinone. Accordingly, the
analysis of free amino acids and probe compounds in the presence of 1,4-naphthoquinone
was conducted in two phases: (1) Phase 1 where quinone is in charge of absorbing photon
up to 15 minutes of reaction time and (2) Phase 2 where resultant of 1,4-naphthoquinone
and transformed structure are in charge of absorbing photons and excitation from 15
minutes to 120 minutes of reaction time. Additionally, umbelliferone did not sensitize
any PPRI, so its analysis regarding the degradation of probe compounds and free amino
acids is excluded. To probe the inertness of umbelliferone, it is critical to examine the
physicochemical attributes of coumarins such as umbelliferone. Schematic 5 below
displays the activation pathway of chromophoric dissolved organic matter. Ground state
CDOM absorbs photons from sunlight exciting the CDOM to its singlet excited state,
1

CDOM*. Once in this state, it may relax back to its ground state or undergo intersystem

crossing whose efficiency is determined by the quantum yield, ΦISC, its excited triplet
state, 3CDOM*. In its triplet state, CDOM may relax, be quenched by 3O2, or react with
3

O2. Between 3CDOM* and 3O2, the fraction of reactions that lead to 1O2, fΔ and the

fractions that are quenched, 1-fΔ. As singlet oxygen, these reactions may relax to ground
state oxygen or continue to undergo transformation with other substrates leading to the
formation of the hydroxyl radical and hydrogen peroxide or transformation of organic
compounds.

46

TMP

1CDOM*

excitation

hv

ΦISC

FFA

+ 3O2

3CDOM*

fΔ
1 - fΔ

relaxation

CDOM

1O
2

O2

Quenching by 3O2

Schematic 5: Simplified Schematic for the Sensitization of CDOM
In general, coumarins such as umbelliferone have been shown to have very low
intersystem crossing (0.1 < ΦISC < 0.4)30-36 from their singlet state to triplet state. In
umbelliferone’s excited singlet state, its relaxation to ground state may undergo several
pathways. Umbelliferone has a very low fluorescence quantum yield below 0.08
indicating its insignificance to its relaxation30, 33. The major pathway for relaxation is
through excited-state proton transfer with a rate constant of 2 x 1010 s-1 meaning it accepts
an excess proton from weak acids in solution32, 35, 36 This extremely fast relaxation to
ground state from its excited singlet state explains its insignificant role in degrading the
free amino acids
The solution temperature significantly affected the decay of all free amino acids
in the presence of all surrogate DOM. The temperature-dependent pseudo-first order rate
constant of each amino acid in the presence of the surrogate DOM are displayed in Table
5. Over the initial 15 minutes of reaction time with 1,4-naphthoquinone, histidine and
methionine react nearly 3 times and 1.5 times higher degradation with an increase in
temperature from 10 °C to 30 °C, respectively; conversely, tyrosine shows minimal
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dependence on temperature. Over the second phase of the reaction time, histidine and
methionine also show higher degradation with an increase in temperature, though at a rate
12-18 times slower than the first phase. Again, tyrosine’s degradation is minimal over the
second phase. Using the temperature dependent pseudo-first order rate constants (Table
1), the activation energy of each amino acids’ decay in the presence of 2-naphthaldehyde
and 1,4-naphthoquinone may be estimated by plotting ln(k) vs. 1/Temperature (K)
(Figure 13). With 1,4-naphthoquinone, tyrosine has the lowest activation energy of 0.49
kcal/mol, followed by methionine (3.79 kcal/mol), then histidine (7.80 kcal/mol)
indicating that histidine is most susceptible to temperature change.
In this initial 15 minutes, 1,4-naphthoquinone undergoes significant
phototransformation. Once promoted to its triplet state, 1,4-naphthoquinone undergoes
three major pathways: (1) relax to its ground state; (2) react with water producing
quinone-H2O adducts21, 37, 38; and (3) react with target amino acid6, 14-17, 39, 40. Kinetically,
pathway 3 (~109 M-1 s-1) is the most favorable followed by pathway 2 (2.25×106 s-1),
though the availability of water is much higher than the availability of amino acid, which
leads to 1,4-naphthoquinone’s quick disappearance in the initial phase of the photolysis
reaction. This hydration reaction yields several stable photoproducts – 1,4
dihydroxynaphthalene and 5- and 7-hydroxy-1,4-naphthoquinone - which are prominent
in the second phase of the photolysis leading to the slow decay of the free amino acids21.
In contrast, with 2-naphthaldehyde, histidine, tyrosine, and methionine all show
higher degradation with increased solution temperature. Histidine’s rate doubles from 10
°C to 30 °C, tyrosine’s rate is nearly 20 times higher from 10 °C to 30 °C, and
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methionine’s rate is about 1.5 times higher over the same temperature increase. In the
presence of 2-naphthaldehyde, methionine is least susceptible to temperature change with
an activation energy of 4.36 kcal/mol, followed by histidine (5.86 kcal/mol), and finally
tyrosine (26.15 kcal/mol).
In the presence of SRHA, the amino acids followed pseudo-first order kinetics
degrading in the following order: Histidine > tyrosine > methionine which has been
confirmed by previous studies.6
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Figure 12: A natural log-plot of concentration profiles of each free amino acid over time
at three different temperatures in the presence of: 1,4-naphthoquinone (top), 2naphthaldehyde (middle), and Suwannee River Humic Acid (bottom). Error bars are the
standard deviation of each measurement.
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Table 5: Pseudo-first order decay rate constants of three amino acids in the presence of
three surrogate DOM at three different temperatures

10°C
20°C
20 with N2
30°C

Histidine
-0.012
-0.018
-0.013
-0.030

1,4-Naphthoquinone
Umbelliferone
2-Naphthaldehyde
First phase
Second phase
Tyrosine
Methionine Histidine
Tyrosine
Methionine Histidine
Tyrosine
Methionine Histidine
Tyrosine
Methionine
-0.0095
-0.054
-0.0010
-0.00009
-0.0035
-0.0053
-0.00009
-0.0019
n.a.
n.a.
n.a.
-0.0082
-0.076
-0.0014
-0.00027
-0.0041
-0.0091
-0.0009
-0.0033
-0.00055 negligible
-0.00078
-0.0029
-0.060
-0.0017
-0.00004
-0.0052
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
-0.0090
-0.084
-0.0020
-0.00014
-0.0064
-0.0107
-0.0019
-0.0027
n.a.
n.a.
n.a.

Comparing the pseudo-first order rate constants between the surrogate DOM and
DOM isolate (i.e., SRHA) at 20°C, histidine’s pseudo-first order rate constant in the
presence of 1,4-naphthoquinone (0.018 min-1) is double that with 2-naphthaldehyde
(0.0091 min-1) and 25 times that with SRHA (0.0007 min-1). Tyrosine’s pseudo-first
order rate constant in the presence of 1,4-naphthoquinone (0.0082 min-1) is 9 times higher
than with 2-naphthaldehyde (0.0009 min-1) and 20 times higher with SRHA (0.0004 min1

). Methionine’s pseudo-first order rate constant in the presence of 1,4-naphthoquinone

(0.076 min-1) is 23 times higher than with 2-naphthaldehyde (0.0033 min-1) and 250 times
higher than with SRHA (0.0003 min-1). It is important to consider the differences in
pseudo-first order reaction rate constants between DOM isolates and surrogate DOM.
The differences in reactivity stem from the high concentrations of pure surrogate DOM as
mg C/L in comparison to SRHA’s composition which has much lower concentrations of
many different critical sensitizers such as quinones, ketones, aldehydes, coumarins, and
aromatic hydrocarbons26, 41. Though these solutions containing pure surrogate DOM are
not representative of the natural environment, the reactions between our surrogate DOM
and FAA provide mechanistic insights into the transformation of SRHA. Comparing
these results to the surrogate DOM, it is important to notice the difference in both the
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time and log-adjusted scales. For a fraction of the free amino acid photodegradation, the
amino acids were photolyzed for four times longer with SRHA than in the presence of the
surrogate DOM.
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Figure 13: A natural log-plot of pseudo-first order rate constant of each free amino acid
vs. the inverse of the temperature (1/K) in the presence of: 1,4-naphthoquinone (top), 2naphthaldehyde (bottom).

3.2 Contributions of PPRIs to each free amino decay
To investigate the temperature-dependent contribution of each PPRI to the free amino
acid decay, several well-studied probe compounds including furfuryl alcohol27, 40, 42,
2,4,6-trimethylphenol22, 27, 43-46, and parachlorobenzoic acid13, 47 were employed. Figure
14 shows the temperature-dependent probe compound degradation profiles in the
presence of each surrogate DOM. Of all the probe compounds, 1,4-naphthoquinone
degrades furfuryl alcohol the fastest, followed by TMP, then pCBA indicating that it
sensitizes all PPRI (i.e., 1O2, 3CDOM*, HO•). 2-naphthaldehyde degrades TMP most
rapidly, followed by furfuryl alcohol, while pCBA is inert with it. The triplet energies –
amount of energy transferred during reaction - of 1,4-naphthoquinone and 2naphthaldehyde are 57.6 kcal/mol and 59.5 kcal/mol26, respectively. Using TMP as an
indicator for 3CDOM*, it is evident that 2-naphthaldehyde sensitizes 3CDOM* very
efficiently leading to its strong oxidation and rapid consumption of TMP in the initial 15
minutes, which is reflective of its high triplet energy.
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Figure 14: A natural log-plot of concentration profiles of FFA, TMP, and pCBA over
time at three different temperatures in the presence of: 1,4-naphthoquinone (top) and 2naphthaldehyde (bottom). Error bars are each measurement’s standard deviation.
From these probe compound photolysis degradation profile, the temperature-dependent
apparent quantum yields for singlet oxygen, excited triplet state CDOM, and hydroxyl
radical were calculated14, 40, 43 and displayed in Table 6. To estimate the apparent
quantum yield, the surrogate DOM triplet states’ rate constants with TMP and 3O2 were
estimated using Rehm-Weller relationships previously developed48, 49. 1,4naphthoquinone’s triplet state bimolecular rate constant with TMP and 3O2 are estimated
as 4-5 × 109 M-1 s-1 and 3× 1010 M-1 s-1. 2-naphthaldehyde’s triplet state bimolecular rate
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constant with TMP and 3O2 are estimated as 1-4 × 109 M-1 s-1 and 1.6 × 109 M-1 s-1,
respectively.

Table 6: Quantum yield of each PPRI in the presence of three surrogate DOM at three
different temperatures

At 20 °C, 1,4-naphthoquinone sensitizes 1O2 most efficiently at twice the factor of
3

CDOM* and 4 times that of HO• which is consistent with other studies21, 37. Additionally,

with an increasing solution temperature, all PPRI quantum yields increased in both the
first and second phase. With 2-naphthaldehyde, 3CDOM* quantum yields are
significantly higher than 1,4-naphthoquinone over all temperatures, whereas 1O2 quantum
yields are comparable to 1,4-naphthoquinone. Both singlet oxygen apparent quantum
yields are comparable to other studies26, 50, 51. Interestingly, 2-naphthaldehyde’s singlet
oxygen apparent quantum yields increase with increasing temperature, though its
3

CDOM* quantum yield decreases. This indicates that intersystem crossing may be

inhibited at higher temperatures, though the charge transfer from 3CDOM* to oxygen is
accelerated to produce greater 1O2 concentrations.
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Table 7: Calculated Activation Energy (kcal/mol) of each Free Amino Acid Reaction
Pathway
Histidine

Tyrosine Methionine

ΔGact SET (3 DOM*, 1,4-Naphthoquinone)

3.2

8.5

1.6

ΔG

15.3

19.0

19.8

act

3

SET ( DOM*, 2-Naphthaldehyde)

ΔGact SET (3 DOM*, Umbelliferone)

12.1

14.7

16.1

ΔG

15.6

16.5

18.8

13.7

21.1

19.0
11.1-16.3

act

1

SET ( O 2 )

ΔGact SET (HO*)
act

1

1.2

5.7

ΔGact add (HO*)

2.8-5.2

n.a.

7.2-9.6

ΔGact H-abs (HO*)

7.5-9.7

6.3-9.7

7.6-11.2

ΔG

add (

O2)

To investigate the interaction of the PPRI with each amino acid, the activation
energies for each reaction mechanism between the amino acid and 1O2, 3CDOM*, or HO•
(Table 7) were calculated using DFT at the M06-2X/aug-cc-pVDZ level of theory with
the implicit solvation model SMD. Linking this data with PPRI sensitization by 1,4naphthoquinone reveals the likely culprit for each amino acids’ degradation. Regarding
1,4-naphthoquinone, both singlet oxygen and excited triplet state CDOM display
relatively low temperature dependence as evidenced by the faster observed rate at higher
temperatures.
Singlet oxygen has been shown to exclusively degrade histidine at very fast rates
(5-6 × 107 M-1s-1)6, 15-17 by attacking the imidazole ring which is consistent with our DFT
activation energy computations where 1O2 addition to histidine is the lowest activation
energy barrier (1.2 kcal/mol). In contrast, methionine’s degradation is expected to be
more vulnerable to 3CDOM*, though 1O2 still is responsible for some degradation
(~30%)6 leading to a combined effect and higher methionine transformation which is
consistent with the low activation energy (1.6 kcal/mol) needed for single electron
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transfer (SET) by 3CDOM* to methionine. Singlet oxygen attacks the sulfide group of
methionine (1.3 × 107 M-1 s-1) leading to the production of methionine sulfoxide5, 6, 14, 52

which was confirmed by this study. Methionine may also undergo degradation via HO•hydrogen abstraction or HO•-addition (6.50 × 109 M-1s-1)53, but it is less likely as

indicated by the higher activation energy barriers. In this study, 1,4-naphthoquinone is
capable of degrading tyrosine further than 2-naphthaldehyde likely due to its ability to
sensitize HO• radical, which has been shown to attack aromatic compounds such as
𝑇𝑇𝑇𝑇𝑇𝑇

tyrosine efficiently53, 54 at high rates (𝑘𝑘𝐻𝐻𝐻𝐻• = 1.3 × 1010 𝑀𝑀−1 𝑠𝑠 −1 )53. Based on the

activation energy computations, 1O2 addition and HO• hydrogen abstraction are the two
most likely culprits for tyrosine’s degradation53, 55. Still, the hydroxyl radical bimolecular
rate constant with tyrosine is four order of magnitudes higher than the singlet oxygen
reaction rate constant with tyrosine (2-5 × 106 M-1 s-1)56 meaning it is a likely source of

tyrosine’s degradation.
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4 Environmental Implication
Dissolved organic nitrogen in the natural in environment is not refractory and is
constantly undergoing transformation. The main sinks for free amino acids and DON as a
whole are bacterial uptake, phytoplankton uptake, photochemical degradation, and abiotic
adsorption57-60. Each of these sinks have varying degrees of contribution to the
destruction of DON in the natural environment and have varying levels of research focus
done on them. Heterotrophic bacteria are both sinks and sources of free amino acids with
many of these bacteria being bottom feeders (i.e., benthic). Phytoplankton also rely on
amino acids for basic metabolic function through enzymatic breakdown, pinocytosis
(ingest dissolved species), and phagocytosis (engulfment of particulate material).
Together, phytoplankton and bacterial uptake of FAAs account for between 4 to 75 nm L1

h-1 58, 61-65. Comparing this to the SRHA-induced photodegradation of the amino acids,

the pseudo-first order rate constants ranged from 0.018 h-1 to 0.042 h-1.
To identify the most important pathway for consumption of photoviable amino acids,
suppose a surface water has a FAAs concentration of 10 µM; the uptake by
phytoplankton and bacteria would consume the FAAs in between 133 and 2500 hours
whereas the complete photochemical degradation of the FAAs would occur in between
24 and 55 hours. Clearly, the photochemical degradation of photoviable amino acids is a
critical pathway for the disappearance of amino acids in the surface waters and plays a
more important role in the FAA bioavailability than uptake by phytoplankton and
bacteria. This means that many of these autotrophs and heterotrophs must synthesize
these amino acids which are quite energy intensive16.
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The photochemical degradation pathways of DFAAs are a major sink of DON, a vital
limiting nutrient, in surface waters. A better understanding of these reaction pathways
will elucidate the role of EfOM in nitrogen and sulfur cycling and how it impacts
biological activity. Two of the photoviable amino acids, methionine and cysteine, are
critical sources of dissolved organic sulfur5, 66, 67 as well as DON. These two amino acids
are consumed by bacteria and phytoplankton and undergo phototransformation to yield
sulfate and methanesulfonic acid. Of the entire pool of dissolved organic sulfur in the
East Atlantic Ocean, roughly two percent is protein-derived meaning these amino acids
are an important portion of the DOS pool5. By selecting three structurally-unique free
amino acids (tyrosine, histidine, and methionine) and three surrogate structural
components of CDOM (1,4-naphthoquinone, 2-naphthaldehyde, and umbelliferone), this
project aims to better understand how the DFAAs break down in the presence of
structurally diverse DOM constituents.
Still, this study does not wholly emulate the natural environment. Dissolved water
constituents such as halogens (Br- and Cl-), carbonate species (HCO3-, CO32-), and other
present nutrients (NO32-) likely impact the FAAs’ degradation. Bromide and chloride ions
are present in all natural waters, though most prevalent in the coastal and estuarine
waters47, 68. In these saltwater conditions, 3CDOM* is capable of direct oxidation halide
oxidation leading to reactive halogen species such as Cl• and Br• 69, which have
bimolecular rate constants spanning several magnitudes of order with varying substrates
leading to difficulty in assessing how these impact the FAA degradation. Additionally,
HO• undergoes reaction preferably with Br- over Cl- leading to the formation of BrOH•62

which continues to propagate other radical species47, 69 such as Br2•- and ClBr•-. Due to the
wide range of potential oxidation potential of 3CDOM*, it is difficult to speculate which
pathway, halide oxidation by HO• or 3CDOM*, is more dominant.
Carbonate species (HCO3-, CO32-) have also been shown to impact the
degradation of several organic pollutants70, 71 through the production of the carbonate
radical, CO3•-. The carbonate radical is produced primarily through the interaction of
carbonate or bicarbonate with the hydroxyl radical or 3CDOM*. The steady-state
concentration of CO3•- is likely two orders of magnitude higher than [HO•]SS and more
selective indicating that it may be more important than the hydroxyl radical for
compounds containing more oxidizable moieties such as tyrosine’s presence of the
aromatic phenol. Nitrate (NO32-) ions have been shown to induce photo-oxidation via
production of the oxide radical (•O-) followed by its reaction leading to HO• 72. Though
with the hydroxyl radical being present in such minute concentrations in freshwater, a
pollutant more likely to undergo transformation via singlet oxygen or 3CDOM*.
In this study, these reactions were studied at a constant solution temperature
which is critical to the reaction rate and also better simulate the natural surface water
environment where these reactions predominantly occur. Going forward, studies must
pay close attention to the photoreactor conditions to ensure they closely emulate those in
reality. Additionally, an expansion to other surrogate DOM compounds could help
further elucidate how each component of dissolved organic matter contributes to the
sensitization of photochemically produced reactive intermediates, and, further, identify
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which are the most critical portions of dissolved organic matter for degrading organic
compounds of interest.
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